Abstract. Strong events of long-range transported biomass burning aerosol were detected during July 2013 at three EARLINET (European Aerosol Research Lidar Network) stations, namely Granada (Spain), Leipzig (Germany) and Warsaw (Poland). Satellite observations from MODIS (Moderate Resolution Imaging Spectroradiometer) and CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) instruments, as well as modeling tools such as HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory) and NAAPS (Navy Aerosol Analysis and Prediction System), have been used to estimate the sources and transport paths of those North American forest fire smoke particles. A multiwavelength Raman lidar technique was applied to obtain vertically resolved particle optical properties, and further inversion of those properties with a regularization algorithm allowed for retrieving microphysical information on the studied particles. The results highlight the presence of smoke layers of 1-2 km thickness, located at about 5 km a.s.l. altitude over Granada and Leipzig and around 2.5 km a.s.l. at Warsaw. These layers were intense, as they accounted for more than 30 % of the total AOD (aerosol optical depth) in all cases, and presented optical and microphysical features typical for different aging degrees: color ratio of lidar ratios (LR 532 / LR 355 ) around 2, α-related ångström exponents of less than 1, effective radii of 0.3 µm and large values of single scattering albedos (SSA), nearly spectrally independent. The intensive microphysical properties were compared with columnar retrievals form co-located AERONET (Aerosol Robotic Network) stations. The intensity of the layers was also characterized in terms of particle volume concentration, and then an experimental relationship between this magnitude and the particle extinction coefficient was established.
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Introduction
Atmospheric aerosols are known to play an important role on effective radiative forcing because of their interactions with radiation and clouds (Boucher et al., 2013) . These interactions are strongly dependent on the scattering and absorption capabilities of the aerosol particles and on the vertical distribution of the aerosol plumes along the atmospheric column. In particular, biomass burning particles can have a completely opposite behavior, depending on their content in organic and black carbon, on their size and on their spatial distribution in the atmosphere. These properties of the biomass burning aerosol particles are affected by source type, combustion type and phase (Martins et al., 1998; Jacobson, 2001; Reid et al., 2005a, b) and so-called aging processes caused by different mechanisms such as photochemical oxidation (Grieshop et al., 2009a, b) , hygroscopic growth (Hobbs et Published by Copernicus Publications on behalf of the European Geosciences Union. Granados-Muñoz et al., 2015; Titos et al., 2014a Titos et al., , b, 2016 or coagulation (Fiebig et al., 2003) .
It has been demonstrated that large smoke plumes from large forest fires can be injected into the free troposphere, and then easily transported by air masses along the Earth, presenting long residence times in the atmosphere (Andreae, 1991; Fromm and Servranckx, 2003; Jost et al., 2004; Peterson et al., 2014; Seinfeld and Pandis, 2016; GuerreroRascado et al., 2010 GuerreroRascado et al., , 2011 . The study of these aerosol transport processes is relevant for all aerosol types, since this information is crucial in modeling the global impact of aerosol particles and monitoring events of social relevance .
In this sense, global and continental networks are necessary, as they can provide appropriate spatial distribution of measurements with enough quality to fairly account for both the impact of isolated events and for the climatological effect of atmospheric aerosol particles (as opposed to satellites, with much higher spatial resolution but less likely to be equipped with instruments with the same potential and complexity as the ground-based systems). EARLINET, the European Aerosol Research Lidar Network , is an established network with the main goal of providing a database for distribution and properties of the aerosol over Europe, which is exhaustive and complete enough to be climatologically significant. Thanks to the use of lidar techniques as the basis of the network, information on the vertical distribution of atmospheric aerosol particles with large spatial and temporal resolution is provided.
In this work, intense events of biomass burning particles released from North American forest fires during summer 2013 are analyzed in terms of their particle microphysical properties when they reached different EARLINET stations after being transported by air masses across the Atlantic Ocean. The summer of 2013 was one of the driest in the previous decades in the USA and Canada. Large forest fires caused by thunderstorms started at the end of June 2013 and continued being active during July and August, causing vast forest areas to burn up (Ancellet et al., 2016) . In a previous work (Ortiz-Amezcua et al., 2014) , a preliminary optical description was given for the lidar detection of a smoke event over Granada (Spain) in July 2013. Markowicz et al. (2016) used in situ measurements, passive and active remote sensing observations and numerical simulations to describe the temporal variability of aerosol optical properties for the same period over Poland, and Janicka et al. (2016) studied the properties of the mixing of those smoke particles with dust particles over Warsaw. Ancellet et al. (2016) reported optical properties of the smoke plumes transported over some stations in the western Mediterranean Basin in June 2013. Veselovskii et al. (2015) described vertically resolved optical and microphysical properties of particles detected in Washington, DC coming from similar forest fires after regional transport in August 2013.
Given the importance of smoke transport events, several attempts have been made at establishing mean values and ranges for the reported main optical and microphysical properties of the biomass burning particles, classifying them according to source regions, combustion phase and aging (Dubovik et al., 2002; Reid et al., 2005a, b; Müller et al., 2007a) . These estimations are strongly dependent on the detection type (in situ measurements and passive or active remote sensing), and every new measurement can show a different feature which does not fit with those reported in the mentioned works. This paper intends to make a significant contributions to the general knowledge about biomass burning events detected after transatlantic transport, not only giving new observed values of intensive properties of the particles, but highlighting the similarities and differences among presumptive different events. These concordances or discrepancies will be meaningful, taking into account that the three analyzed plumes are different in terms of origin, transport path and conditions at each observation site, and they will allow for the extracting of some common pattern for transatlantic transport to be applied in future events.
We present a complete microphysical characterization of the smoke particles released into the free troposphere during different North American forest fires at the beginning of July 2013 and detected 8-10 days after, over three EAR-LINET stations (Granada, Leipzig and Warsaw) at different times and altitudes. Vertically resolved microphysical properties after such long-range transport are necessary in order to account for the particle properties that might have changed during the process and that might then directly affect their radiative impact. Raman lidar allows for stand-alone (nighttime) microphysical retrievals, i.e., the calculation of particle microphysical properties using just 3β +2α sets of lidar optical variables: particle backscatter coefficients at three wavelengths (355, 532 and 1064 nm) and particle extinction coefficients at two (355 and 532 nm; Müller et al., 1999; Böck-mann, 2001 ).
Experimental sites and instrumentation
Three European experimental sites were selected in this work for characterizing the detected smoke plumes (Table 1) . These stations are part of the EARLINET network and have lidar systems that fit the conditions for retrieving particle microphysical properties using regularization algorithms. That is, the so-called "3β + 2α" optical data set can be obtained, since the three lidar systems are able to detect elastic signals at the emitted wavelengths 355, 532 and 1064 nm as well as N 2 Raman-shifted signals at 387 and 607 nm.
Moreover, columnar microphysical data from sunphotometers at three AERONET (Aerosol Robotic Network; Holben et al., 1998) stations have been used. The sites were selected to be the nearest AERONET stations to the EAR-LINET stations GR, LE and WA. For Granada, where two Baars et al. (2016) photometers from the network were working during the studied period, the one located on the hill "Cerro de los Poyos" (37.11 • N, 3.49 • W, 1830 m a.s.l.) was selected because it presents the advantage of being more than 1 km higher than the lidar station, making it easier to study aerosol layers decoupled from PBL (planetary boundary layer; GranadosMuñoz et al., 2014) . In Leipzig, the selected photometer was co-located with the lidar system. In the case of Warsaw, the nearest AERONET station was found at the Geophysical Observatory at Belsk (51.84 • N, 20.79 • E, 190 .0 m a.s.l.). Cerro de los Poyos is around 12 km apart from Granada, and the observatory at Belsk is located at a distance of about 50 km south of Warsaw. Although these distances can be considered negligible compared to the much larger horizontal scale of the common air masses (Holton, 1992) , special care was taken when comparing the results from Raman lidar and from sun-photometer techniques.
Methodology
In the first part of this work, satellite observations and models were used to study the sources and transport mechanism of the detected aerosol particles.
The Active Fire Mapping Program (https://fsapps.nwcg. gov/afm/), a satellite-based fire detection and monitoring program managed by the USDA Forest Service Remote Sensing Applications Center, was used to analyze the distribution of fires in the United States and Canada during the studied period. High temporal image data collected by the NASA's Moderate Resolution Imaging Spectroradiometer (MODIS) on Terra and Aqua platforms are currently the primary remote sensing data source of this fire detection program. MODIS provides multiple daily observations of the United States and Canada, which is ideal for continuous operational monitoring and characterization of wildland fire activity.
The NAAPS (Navy Aerosol Analysis and Prediction System) model of the Marine Meteorology Division, Naval Research Laboratory (NRL; http://www.nrlmry.navy.mil/ aerosol/), was used for forecasting aerosol optical depth (AOD) and particle density of smoke at the Earth's surface, using smoke emissions derived from satellite-measured thermal anomalies.
The analysis of backward trajectories was performed by means of the HYSPLIT model (Hybrid Single-Particle Lagrangian Integrated Trajectory; Stein et al., 2015; Rolph, 2016) developed by the NOAA (National Oceanographic and Atmospheric Administration) in collaboration with Australia's Bureau of Meteorology. Two types of multiple trajectory analyses were carried out: cluster analysis and ensemble calculation. For the illustration of airflow patterns in order to interpret the transport over different spatial and temporal ranges, trajectories that have some commonalities in space and time were merged into groups, called clusters, and represented by their mean trajectory. Differences between trajectories within a cluster were minimized while differences between clusters were maximized (Draxler et al., 2009 ). The ensemble form of the model (instead of single trajectory calculation) was used to trace back the history of the detected layers with the objective of improving plume simulations and accounting for possible uncertainties. With this method, multiple trajectories start from the selected starting point, and each member of the trajectory ensemble is calculated by offsetting the meteorological data by a fixed grid factor, resulting in 27 members for all possible offsets in longitude, latitude and altitude.
The observations of the spaceborne CALIOP (CloudAerosol Lidar with Orthogonal Polarization) were used to track the aerosol plumes during their transport. This lidar system, with two wavelengths (532 and 1064 nm), polarization channels at 532 nm, an infrared radiation radiometer and a wide-field camera, is onboard the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) mission, launched in 2006. Its main products are attenuated backscatter profiles and also clouds and aerosol information together with layer properties ). In the second part of the work, vertical profiles of optical properties (independently retrieved particle backscatter and extinction coefficients, ångström exponents and lidar ratios) were obtained from nighttime lidar measurements applying the Raman methodology (Ansmann et al., 1992) . The uncertainties in the optical properties were determined by means of a numerical procedure based on the Monte Carlo technique, commonly used in the EARLINET network (Guerrero-Rascado et al., 2008; Pappalardo et al., 2004; Mattis et al., 2016) .
The set of 3β + 2α obtained from Raman lidar observations was employed to obtain particle microphysical properties (i.e., particle volume concentration, effective radius, complex refractive index and single scattering albedo, SSA) using an inversion algorithm developed at the University of Potsdam, UP (Böckmann, 2001; Böckmann et al., 2005) . This method has been developed in the framework of EAR-LINET (Müller et al., 2016) and is based on explicitly solving the mathematical equations that relate the particle microphysical and optical properties by means of regularization techniques, an approach that is shared with Müller et al. (1999) and Veselovskii et al. (2002) inversion algorithms. That means that forward computations using tables containing microphysical versus optical properties are not carried out, having the advantage that particle size distribution shape is not assumed as input, but approximately calculated as output. A detailed description of the approach and software of the UP algorithm was published by Böckmann (2001) , Böck-mann et al. (2005) , Osterloh et al. (2009 Osterloh et al. ( , 2011 Osterloh et al. ( , 2013 and Samaras et al. (2015) .
Results

Characterization of sources and transport of the smoke plumes
According to MODIS fire detection maps (Fig. 1a) , several active forest fires were detected at the United States and Canada, releasing large amounts of biomass burning particles during July 2013. Figure 1b shows the smoke surface concentration at the beginning of that month, given by the NAAPS model. High concentrations can be observed in almost all North America, reaching values more than 64 µg m −3 in several regions. Markowicz et al. (2016) studied the relative aerosol optical depth changes in several North American AERONET stations during the first weeks of July 2013, finding values reaching 1.5 (at 500 nm), which implies mean AOD anomalies (with respect to long-term means for July) up to 0.42. The cluster analysis performed using HYSPLIT software revealed that, during June and July 2013, the prevailing synoptic situation favored the transport of these aerosol particle plumes across the Atlantic Ocean to Europe. In Fig. 2 , the most relevant 10-day backward-trajectories clusters for each of the studied stations and layers are represented. This figure shows the main influence of air masses coming from North America, accounting for 59 % of all the trajectories ending at Granada, 64 % for Leipzig and 61 % for Warsaw.
Using the EARLINET database, the detection of possible smoke particles for the three selected stations was confirmed. In Fig. 3 , the lidar raw corrected signal in the selected locations shows the presence of aerosol layers at different altitudes. In Granada and Leipzig, multilayer structures were found and smoke particles appeared in the free troposphere, between 4 and 6 km above sea level (a.s.l.), while in Warsaw, the high load of aerosol particles was observed at a lofted aerosol layer between 1.5 and 3 km a.s.l. This layer was decoupled from the aerosol layer near the surface, as it can be seen in Fig. 3 , and was over the lifted condensation level according to the nearest radiosonde at Legionowo (http://weather.uwyo.edu/upperair/sounding.html).
Ensembles of backward trajectories generated with the HYSPLIT model were used to determine the origin of the air masses carrying aerosol plumes arriving at the studied stations at the relevant heights (Fig. 4) . They confirmed that the relevant air masses came from areas over North American forest fires detected by MODIS, and that they were advected for around 8-10 days before reaching the stations.
These ensemble trajectories in Fig. 4 also show that in contrast to the aforementioned general transport from North America (as seen in the cluster analysis, Fig. 2 ), there are two clearly different source zones for the specific analyzed layers. While the layer arriving to Warsaw unequivocally comes from west Canada, the corresponding layers arriving at Granada and Leipzig might come from both west Canada and from the eastern USA. This difference in source region implies different types of forest: coniferous forests predominate in Canada, while in that part of USA, deciduous forests are the most important (David and Holmgren, 2001 ). This might be crucial, since it implies a different fuel and combustion type (modifying the black carbon content) and thus has to be taken into account when analyzing the physical properties of the detected particles.
The geolocation of CALIPSO overpasses and backward trajectories on Fig. 4 provide a reliable tool to assess the involvement of those air masses in the transportation of the smoke plumes which finally reached Europe. Figure 5 illustrates some of the overpasses of this satellite coinciding in space and time with parts of the back-trajectories on 1-8 July 2013 for the Warsaw case and 5-16 July for the Granada and Leipzig cases. The aerosol type product ) provided by CALIPSO (Figs. 6 and 7) confirmed that the smoke columns reached 5 km altitude over the sources, and the smoke content on the transported air plumes, as indicated by the black color.
Optical properties
In order to characterize the optical properties of the biomass burning particles, the Raman algorithm was applied to lidar data corresponding to 02:00-03:00 (UTC) on 14 July for Granada station, 20:00-22:00 (UTC) on 17 July for Leipzig and 00:00-01:00 (UTC) on 9 July for Warsaw. The particle backscatter coefficient (β), particle extinction coefficient (α), lidar ratio (LR) and linear particle depolarization ratio (δ P ) profiles are plotted in Fig. 8 . The regions of profiles affected by incomplete overlap and by too-low backscatter ratios are not shown. The β-and α-profiles highlighted that the smoke layers were intense in terms of optical properties, and the low δ P values (less than 4 % for Granada and Warsaw and less than 8 % for Leipzig) indicate the large proportion of spherical, fine-mode particles Granados-Muñoz et al., 2014; .
The thickness of each smoke layer was calculated using the gradient method (Flamant et al., 1997) , and it was obtained that the bottom and top of each layer was 4.3-6.1 km at GR, 4.2-5.7 km at LE and 1.5-3.3 km at WA. By the integration of the particle extinction coefficient over the smoke layer, the fraction of the total AOD associated to the smoke plume was derived, showing that it accounted for more than 40 % of the total AOD (532 nm) in the case of Granada, more than 30 % in Leipzig and more than 70 % in Warsaw. In these calculations, the extinction coefficients along the region of incomplete overlap were approximated by multiplying the backscatter coefficient profile at this region (which is not affected by incomplete overlap) by a constant LR.
In each case, a single thin layer (200 m thick for GR and WA and 300 m for LE) was selected (pointed with brown rectangles in Fig. 8 ) to obtain an optical and microphysical description of the transported particles. In Table 2 , the main optical properties of the analyzed aerosol layers are shown. Very similar properties were found for Granada and Leipzig, with low extinction-related ångström exponents (AEα) and LR of 23 ± 10 and 25 ± 4 sr for 355 nm as well as 47 ± 11 sr and 51 ± 9 sr for 532 nm. The very low measured LR values at 355 nm represent a feature to point out, since they indicate low absorption from the smoke particles, compared to the mean value of 46 ± 13 sr for North American biomass burning particles reported by Müller et al. (2007a) . However, Müller et al. (2005) already found LR355 ranging from 21 to 67 sr for biomass burning aerosol, which agrees with the values presented here. The "color ratio of lidar ratios" (CR LR = LR532 / LR355) reached values around 2 for GR and LE, which hints towards the aging process. It has been demonstrated that CR LR < 1 is usual for fresh smoke particles, while CR LR > 1 corresponds to aged smoke (Müller et al., , 2007a Alados-Arboledas et al., 2011; . The latter comparison among the results obtained and other values found in the literature about biomass burning events detected in Europe is summarized in Table 3 .
Concerning the values obtained for Warsaw, there are noticeable differences with the other two stations: higher AE α (reaching 0.98 ± 0.06) and LR and slightly lower CR LR (although it keeps well over 1, being consistent with the aging during transport). These discrepancies might be due to the different smoke sources as observed in Sect. 4.1, but may also be attributed to a different aging process.
Microphysical properties
The UP inversion algorithm was applied to the selected layers in Table 2 in order to retrieve a microphysical description of the detected aerosol particles. Table 4 shows the results obtained. Figure 6 . Position (altitude, latitude and longitude) and type of the aerosol layers detected by CALIPSO for each of the overpasses tracking the masses arriving at Warsaw (depicted in Fig. 5 as 1-7) , with black color indicating smoke aerosol particles. GR 5.20 ± 0.10 2.20 ± 0.09 82 ± 16 0.2 ± 1.2 1.2 ± 0.5 23 ± 10 47 ± 11 2 ± 1 LE 4.55 ± 0.15 0.93 ± 0.14 48 ± 5 0.3 ± 0.3 1.9 ± 0.4 25 ± 4 51 ± 9 2.1 ± 0.5 WA 2.28 ± 0.10 3.7 ± 0.5 216 ± 6 0.98 ± 0.06 1.9 ± 0.2 34 ± 6 58 ± 10 1.7 ± 0.4
The retrieved particle volume concentrations (C v ) present values over 10 µm 3 cm −3 , reaching almost 35 µm 3 cm −3 in Warsaw. The effective radii present high values in agreement with the aging process and fit the exponential curve derived by Müller et al. (2007b) with a discrepancy below 15 % for Granada and Leipzig and 20 % for Warsaw. Complex refractive indices that have real parts (RRI) a bit lower than 1.50, which represents the typical value for boreal forest fire particles according Dubovik et al. (2002) , see Table 3 .
Very low imaginary parts of the refractive index (IRI) with values form 0.0012 to 0.003 compared to 0.0094 ± 0.003, given by Dubovik et al. (2002) , and single scattering albedos close to 1 indicate a weak absorption by the particles, and therefore a low black carbon fraction, in disagreement with some previous works about biomass burning particles Alados-Arboledas et al., 2011) but in agreement with others (Eck et al., 2009; Samaras et al., 2015) . The spectral dependence of the SSA between 355 and 532 nm shows what could be considered an anomalous behavior compared to some columnar retrievals (Reid et al., 2005a, b; Dubovik et al., 2002) , where biomass burning aerosol SSA typically decreases with increasing measurement wavelength. However, the nearly constant or slightly positive spectral dependence is also found in other studies (Eck et al., 2009; Alados-Arboledas et al., 2011; Pereira et al., 2014) . It is noteworthy, that the refractive index is as- Table 4 . Average particle microphysical properties (namely volume concentration, effective radius, real and imaginary part of refractive index, and single scattering albedos) for the same selected thin layers within the smoke zone. The associated uncertainty for each variable corresponds to the standard deviation from the average solution. sumed wavelength-constant for the inversion algorithm used in this work, and thus the size distribution plays a major role in SSA retrieval. In the studied cases, it is found that the fine modes of the retrieved size distributions are broad (Fig. 9) , which implies a contribution of larger particles that cancels out the typically negative spectral dependence of SSA. The different spectral behaviors and ranges of the SSA in the mentioned works are not only related to the aging process, because similar properties have been found for both fresh and aged biomass burning particles. These properties depend also on burning region and on fuel and combustion type. An important feature of these results is the similar intensive properties found for particles detected in Granada and Leipzig, as compared to those retrieved for Warsaw. Such similarities and differences are consistent with the optical properties, and they are attributed to the different source region of the smoke plumes, as explained in Sect. 4.1. Additionally, the pathways of the plumes arriving at GR and LE did coincide up to a certain point, as also shown in that section.
The integrated volume concentration along the smoke layers (V L ) was also calculated in order to make a comparison with AERONET retrievals of integrated volume concentrations along the whole atmospheric column (V ). A triangleshape approximation was used for the C v profile of the 1.8 km thick layer for Granada and Warsaw (at 4.3-6.1 and 1.5-3.3 km a.s.l., respectively), taking C v = 0 at the points corresponding to the smoke layer top and the smoke layer bottom and the calculated C v values reported in Table 3 for the selected altitude. The integrated concentration for the Figure 8 . Vertical profiles of the particle backscatter and extinction coefficients, lidar ratio and linear particle depolarization ratio obtained for Ganada, Leipzig and Warsaw cases. The layers analyzed to obtain the optical and microphysical description of the transported particles are marked with brown rectangles. Figure 9 . Volume particle size distributions retrieved for the selected points of the analyzed smoke plumes. Table 5 . Concentration values integrated along each smoke layer. Superscripts f and c indicate fine and coarse mode separation, respectively. case of Leipzig was approximated using a rectangle-shape C v profile of the 1.5 km thick layer (at 4.2-5.7 km a.s.l.). These approximations may be justified by looking at the shape of the particle extinction profiles in Fig. 8 . Fine and coarse mode distinction (V f L and V c L , respectively) was also calculated, using the same inflection points as those given by AERONET. Table 5 shows the found values, which highlight again that the plume observed over Warsaw was more intense (the V L at this station doubles the values at the two other stations) and also that fine-mode particles were the most important ones. This mode represents 69 % of total V L at GR, 63 % of total V L at LE and 95 % of total V L at WA.
Once the integrated concentration of each layer was calculated, an assessment of their impact on the total atmospheric column was made. Three AERONET microphysical retrievals were then selected, using the stations mentioned in Sect. 2. For each station, the closest-in-time AERONET retrieval that according to the columnar AERONET retrieved properties showed a clear presence of the detected smoke plume was selected. The times were 06:29 UTC for Cerro de los Poyos (Granada), 17:31 UTC for Leipzig and 04:23 UTC for Belsk (Warsaw), corresponding to 03:30 after lidar measurements at GR, 02:30 before lidar measurements at LE and 03:20 after lidar measurements at WA. Table 6 shows the volume concentration in the whole atmospheric column (V ) provided by AERONET, distinguishing among total, fine and coarse modes. It is seen that the fine-mode fraction is high in all cases, as it was observed for V L in Table 4 . It can also be seen that the smoke layer detected at GR during the night presented a V L that represents 43 % of the total V observed during the afternoon, V L at LE was 22 % of the V observed during the day and 57 % of the V during day at Belsk was observed for the smoke layer over WA.
The main intensive microphysical properties retrieved from the AERONET algorithm are also included in Table 6 . The low absorption of the analyzed particles is confirmed, with very low IRI and very high SSA. The IRI included are the average values over all the wavelengths retrieved from photometers. The wavelengths at which SSA were obtained are different from lidar wavelengths, thus ultraviolet (UV) and visible (VIS) ranges are compared. SSA values appear to be almost spectrally independent but slightly decreasing with wavelength. This slope does not agree with the lidar retrieval presented previously in this section but does agree with other studies using only columnar retrievals (Reid et al., 2005a, b; Dubovik et al., 2002) .
Concerning the effective radii, discrepancies with values from Table 4 around 20, 30 and 10 % are found for GR, LE and WA, respectively. These differences are small taking into account the spatial and temporal differences among the measurements and also the volume investigated. Real refractive indices are also around 1.5 for photometric retrievals, although in LE an RRI of 1.43 was found. Imaginary parts of refractive index values showed larger differences with respect to values retrieved with lidar, which is also reflected in SSA. However, the SSA discrepancies remain less than 7 % and then still represent low particle absorption. The experimental relationship between particle volume concentration and particle extinction coefficient at 532 nm is also analyzed in this study. In addition to the three cases illustrated in Fig. 8 and Tables 2 and 4 , three more cases for the same day in Granada, one more case for 11 July 2013 in Leipzig and four more cases for 8-10 July 2013 in Warsaw were calculated with the UP algorithm. The points from the additional cases along with some points from other cases in literature (Veselovski et al., 2015; Janicka et al., 2016) were plotted, see Fig. 10 . It was found that a linear dependence can be deduced. A linear fit using α 532 was calculated, obtaining C v (µm 3 cm −3 ) = (3 ± 1) (µm 3 cm −3 ) + α 532 (0.130 ± 0.006) (µm) with R 2 = 0.95. The resulting linear parameters can be thus assumed to be representative of the approximation of volume concentration values in events of biomass burning particles transported from North America to Europe when α 532 is available. Nevertheless, this linear parameterization should only be applied for aerosol particles with similar chemical composition and affected by similar ageing processes as the ones presented here due to the large dependence of the aerosol properties on these factors. Figure 10 . Scatter plot of the particle volume concentration as a function of the extinction coefficient at 532 nm. The red line represents the linear regression.
Summary and conclusions
In the present work, a complete optical and microphysical analysis of biomass burning aerosol particles transported from North American forest fires to Europe was presented. The event occurred during July 2013, and Raman lidar data from three EARLINET stations (Granada, Leipzig and Warsaw) were used in order to obtain independent particle backscatter and extinction coefficient profiles and thus to apply a regularization inversion method developed at the University of Potsdam to retrieve particle microphysical properties. The observed smoke layers, with thicknesses between 1 and 2 km, presented AOD (532 nm) that accounted for more than 40 % of total AOD at GR, more than 30 % of total AOD at LE and more than 70 % of total AOD at WA. Lidar ratios in the range 23-34 sr for 355 nm and 47-58 sr for 532 nm were obtained, which means a color ratio of lidar ratios around 2. These values, together with α-related ångström exponents ranging 0.20-0.98, are in agreement with other studies about biomass burning particle aging processes due to transport, although a minor effect was found for the Warsaw case.
The UP inversion algorithm was applied to optical profiles from Raman lidar data to obtain the microphysical properties of the detected particles. Particle volume concentrations of 17.3 ± 0.2, 10.1 ± 0.4 and 34.3 ± 0.7 µm 3 cm −3 were found for the layer peaks at Granada, Leipzig and Warsaw, respectively. Effective radii between 0.207 and 0.34 µm were derived, with values that approximately fit an exponential dependence with transport time given in a previous article. The very low imaginary part of the complex refractive index (between 0.0012 and 0.003), and single scattering albedos of more than 0.96 and without significant spectral dependence, suggest that the analyzed particles present low absorption (and then low black carbon content) and wide particle size distributions.
Integrated volume concentrations were obtained by assuming some reasonable features of the volume concentration profiles within the smoke layers, finding values of 0.016-0.038 µm 3 µm −2 . This integration was compared to the retrieved concentrations obtained with passive remote sensing retrievals, which usually provide information about the properties integrated along the whole atmospheric column. Particularly, a comparison was made with microphysical retrievals from three nearby AERONET stations. The similarity among the majority of the obtained intensive properties for the smoke layers and for the total atmospheric column is an indication that the tropospheric structure and properties were determined by the smoke plumes during those events.
As a practical application of the results, an approximately linear dependence was found between particle volume concentrations and extinction coefficients at 532 nm for the analyzed layers, using also data from other studies. For the selected cases, this approximation is good and it can provide an estimation of the particle volume concentrations using only extinction when inversion algorithms cannot be applied. Nevertheless, it must be taken with caution, since these fac-tors are only strictly applicable for similar aerosol particles (in terms of sources and aging) and vertical distributions.
Data availability. The authors declare that all the data used to obtain the results and conclusions of the present work are accessible. The analyzed optical data from lidar systems at the Granada, Warsaw and Leipzig stations can be accessed through the EAR-LINET database (2017) (see http://access.earlinet.org/EARLINET/ SearchPage.aspx).
The data corresponding to column-integrated properties at Cerro Poyos, Belsk and Leipzig can be obtained from the AERONET database. See https://aeronet.gsfc.nasa.gov/cgi-bin/ type_one_station_opera_v2_inv2?site=Cerro_Poyos&nachal= 0&year=21&month=6&day=13&aero_water=0&if_day=0&year_ or_month=0&level=3&place_code=10 for Cerro Poyos, https: //aeronet.gsfc.nasa.gov/cgi-bin/type_one_station_opera_v2_inv2? site=Belsk&nachal=0&year=21&month=6&day=8&aero_water= 0&if_day=0&year_or_month=0&level=3&place_code=10leipzig for Leipzig and https://aeronet.gsfc.nasa.gov/cgi-bin/type_ one_station_opera_v2_inv2?site=Leipzig&nachal=0&year= 21&month=6&day=16&aero_water=0&level=2&if_day=0&if_ err=0&place_code=10&year_or_month=0 for Belsk (AERONET database, 2017).
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